1. Introduction {#sec1-materials-10-00445}
===============

Commercially pure titanium (CP Ti) and titanium-based alloys are used in dental applications, joints, orthopedic trauma and reconstruction surgery and attachment systems due to their mechanical properties, resistance to corrosion and biocompatibility \[[@B1-materials-10-00445],[@B2-materials-10-00445],[@B3-materials-10-00445],[@B4-materials-10-00445],[@B5-materials-10-00445],[@B6-materials-10-00445]\]. The corrosion resistance of Ti-based alloys is a result of a titanium oxide film formed on their surface at room temperature, which provides them with protection against biological fluids. However, due to its low thickness of between 1 and 4 nm, this film is very susceptible to fracture, leaving the metallic substrate exposed to body fluids and thus giving rise to base metal pitting and its later passivation \[[@B7-materials-10-00445],[@B8-materials-10-00445],[@B9-materials-10-00445],[@B10-materials-10-00445]\]. Successive fracture-repassivation events of the layer lead to the release of metal ions and oxide particles that may affect important properties, such as Young's modulus of the oxide and the substrate, the hardness and thickness of the oxide film, and its adherence \[[@B11-materials-10-00445]\]. Moreover, surface morphology and chemistry of the oxide film may be affected as well \[[@B12-materials-10-00445]\]. Electrochemical properties of the oxide film and its long-term stability in biofluids play an important role in biocompatibility of titanium and its alloys \[[@B13-materials-10-00445],[@B14-materials-10-00445],[@B15-materials-10-00445]\]. Titanium, aluminum and vanadium ions are released in the corrosion process, inhibiting the formation of apatite on the material, rising to a non-harmonious behavior between the implant and the bone \[[@B16-materials-10-00445],[@B17-materials-10-00445],[@B18-materials-10-00445]\].

In order to improve the corrosion resistance of these materials, which implies reduction in releases of toxic metal elements such as vanadium, present in Ti6Al4V alloy, as well as their biocompatibility, resistance to fatigue and appropriate Young's modulus, they are subjected to a variety of treatments. These include mechanical, chemical, physical, thermal and heat treatments \[[@B19-materials-10-00445],[@B20-materials-10-00445]\], thermomechanical \[[@B21-materials-10-00445]\] and deep cryogenic treatments \[[@B22-materials-10-00445]\], coatings \[[@B23-materials-10-00445],[@B24-materials-10-00445],[@B25-materials-10-00445]\], alkali-plus-heat \[[@B26-materials-10-00445]\], ion implantation \[[@B27-materials-10-00445],[@B28-materials-10-00445],[@B29-materials-10-00445]\], plasma spray \[[@B30-materials-10-00445]\], laser metal deposition (LMD) \[[@B31-materials-10-00445]\], selective laser melting and laser remelting (SLM) \[[@B32-materials-10-00445]\]. Heat treatments, in particular, may cause changes in the microstructure of the material depending on both temperature and cooling velocity, as well as on aging and alloy elements.

Ti6Al4V is an alpha-beta titanium alloy, where Al and V act as stabilizers of α and β phases, respectively, modifying the Ti transformation temperature; this temperature is 980 ± 20 °C \[[@B33-materials-10-00445],[@B34-materials-10-00445]\] and the alloy may present two different microstructures: globular and lamellar, which provide mechanical and corrosion resistance to the Ti alloy \[[@B19-materials-10-00445],[@B20-materials-10-00445],[@B27-materials-10-00445],[@B35-materials-10-00445],[@B36-materials-10-00445],[@B37-materials-10-00445]\]. Different structural morphologies may be transferred to or may have influence on the surface layers of the alloy, which could lead to different biological behaviors from those of unmodified materials. This study evaluated the effect of microstructural changes generated in Ti6Al4V alloy by two heat treatments, at 800 °C and 1050 °C---temperatures that are below and above the transformation temperature of Ti6Al4V alloy, respectively---on its biocorrosion behavior and its biocompatibility in the presence of osteoblastic cells in a culture medium.

2. Results and Discussion {#sec2-materials-10-00445}
=========================

2.1. Microstructural Characterization {#sec2dot1-materials-10-00445}
-------------------------------------

[Figure 1](#materials-10-00445-f001){ref-type="fig"} shows the microstructural characterization of Ti6Al4V as received, and heat-treated at 800 °C (Ti6Al4V~800~) and 1050 °C (Ti6Al4V~1050~), respectively. The Ti6Al4V as received and Ti6Al4V~800~ alloys ([Figure 1](#materials-10-00445-f001){ref-type="fig"}a,b) show β-phase globular grains (dark regions) sized between 2 and 4 μm in diameter, dispersed in the α-phase matrix (bright regions) of 5 to 8 μm in diameter. The α-phase acts as a barrier that prevents the grain size from increasing \[[@B33-materials-10-00445],[@B34-materials-10-00445],[@B35-materials-10-00445]\]. Meanwhile, for Ti6Al4V~1050~, [Figure 1](#materials-10-00445-f001){ref-type="fig"}c shows a Widmanstatten type microstructure with acicular α-phase or fine α-phase plates surrounded by beta phase on grain edges \[[@B38-materials-10-00445],[@B39-materials-10-00445]\]; the plate thickness is approximately 1 μm.

2.2. X-ray Diffraction Analysis (XRD) {#sec2dot2-materials-10-00445}
-------------------------------------

[Figure 2](#materials-10-00445-f002){ref-type="fig"} shows diffraction patterns obtained for the three alloys tested. All reflections of αTi and βTi can be observed for Ti6Al4V as received and Ti6Al4V~800~; whereas α' (acicular α) is generated for Ti6Al4V~1050~ alloy \[[@B40-materials-10-00445]\]. Also, β-phase is observed to a smaller extent for the three materials, retained after the treatment at 38.88°. This phase remains stable in the alloy as a result of the redistribution of alloy elements (Al and V) during the cooling \[[@B41-materials-10-00445],[@B42-materials-10-00445]\]. In general, the composition of the Ti6Al4V alloys after different heat treatments is mainly α-phase with a small amount of β-phase \[[@B43-materials-10-00445]\], with these alloys exhibiting different microstructural features ([Figure 1](#materials-10-00445-f001){ref-type="fig"}); an acicular type for the Ti6Al4V~1050~ alloy, as opposed to grains for Ti6Al4V as received and Ti6Al4V~800~ alloys.

2.3. X-ray Photoelectron Spectroscopy Analysis (XPS) {#sec2dot3-materials-10-00445}
----------------------------------------------------

[Figure 3](#materials-10-00445-f003){ref-type="fig"} compares high-resolution XPS spectra of Ti 2p, O1s and Al 2p obtained on the surface of Ti6Al4V alloy, as received and with different heat treatments. The Ti 2p spectra ([Figure 3](#materials-10-00445-f003){ref-type="fig"}a,c,f) can be fitted with four doublets and different binding energies. The first doublet, located at 453.7 and 460.3 eV is associated with the presence of Ti in the metallic state (Ti^Metallic^); the second, at 454.7 and 460.2 eV, may be assigned to the presence of TiO (Ti^2+^), and the third, at 457.4 and 464.2 eV, reveals the presence of Ti~2~O~3~ (Ti^3+^). The doublet with the highest intensity is observed at 458.4 and 463.6 eV, which could be attributed to the presence of TiO~2~ (Ti^4+^). These titanium oxides make part of a thin passive layer (a few nm thick) formed after the sterilization process at the outermost surface of the alloy.

The O 1s spectrum ([Figure 3](#materials-10-00445-f003){ref-type="fig"}b,d,g) could be fitted with two components of similar intensity. The first one is located approximately at 529.6 eV and normally assigned to the presence of Ti-O bonds and related to TiO~2~. The second component in the O 1s spectrum is located at 531.5--532 eV and is attributed to the presence of OH^−^ groups, or to adsorbed water and a component with a binding energy of 531.8 eV, associated with the presence of oxygen in the form of aluminum oxide (Al~2~O~3~) \[[@B44-materials-10-00445]\]. This indicates that the oxide surface is mainly composed of TiO~2~ being hydrated and probably forming an oxy-hydroxide. The presence of aluminum in the chemical composition of the film was detected as Al^Metallic^ at 71 and 71.5 eV, and as Al~2~O~3~ at 74.2--74.8 eV, only for the Ti6Al4V~800~ and Ti6Al4V~1050~ alloys ([Figure 3](#materials-10-00445-f003){ref-type="fig"}e,h) ; whereas for the Ti6Al4V as received, this signal is absent, likely due to its minor oxide thickness or contribution in the oxide. It is important to note that vanadium was not detected under the employed conditions \[[@B45-materials-10-00445],[@B46-materials-10-00445],[@B47-materials-10-00445],[@B48-materials-10-00445]\]; however, it had been reported in low concentrations compared to oxygen.

The thickness of the oxide film on the metallic surfaces is calculated using the Strohmeier equation (Equation (1)) \[[@B49-materials-10-00445]\]: where *d~o~* is the thickness of the TiO~2~ layer (in nm); θ is the photoelectron output angle; *I*~metal~ and *I*~oxide~ are the intensities of the titanium components in the metallic state and as Ti^4+^ from the Ti2p peak; *λ*~metal~ and *λ*~oxide~ are the mean free paths of photoelectrons in the substrate and the oxide layer; and *N~m~* and *N~o~* are the volume densities of titanium atoms in metal and oxide. The values of *λ*~metal~ and *λ*~oxide~ are 1.73 and 3.08 nm, respectively \[[@B50-materials-10-00445]\]. [Table 1](#materials-10-00445-t001){ref-type="table"} shows the oxide film thickness calculated by Equation (1), where Ti6Al4V~800~ and Ti6Al4V~1050~ exhibit an increase by a factor of 2 as compared to Ti6Al4V as received; this increase is observed for surfaces heat-treated at 800 °C and 1050 °C.

2.4. Electrochemical Characterization {#sec2dot4-materials-10-00445}
-------------------------------------

### 2.4.1. Evolution of the Open Circuit Potential (OCP) {#sec2dot4dot1-materials-10-00445}

[Figure 4](#materials-10-00445-f004){ref-type="fig"} shows the evolution of the open circuit potential (OCP) for Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ over the immersion time in a biological solution with osteoblastic cells (DMEM at 10% of FBS + cells). At *t* = 0 (culture medium without cells), the OCP values are seen to be more negative after the heat treatment of the alloy. The OCP values tend to displace in the negative direction and remain constant as of the 4th day for Ti6Al4V as received and Ti6Al4V~800~ alloys, showing similar activity to that of the passive oxide layer during its immersion. Conversely, the initial OCP of Ti6Al4V~1050~ alloy is more negative but its evolution during the test goes in a positive direction, improving over time without stabilizing at the end of the test (7 days). This trend shows that the surface layer formed on this alloy evolves towards a higher passivity due to the increase in the oxide thickness, a greater hydration and/or a positive interaction of proteins from the medium and likely a faster cell growth.

### 2.4.2. Electrochemical Impedance Spectroscopy Characterization (EIS) {#sec2dot4dot2-materials-10-00445}

[Figure 5](#materials-10-00445-f005){ref-type="fig"} and [Figure 6](#materials-10-00445-f006){ref-type="fig"} show Nyquist (Zimag vs. Zreal) and Bode plots (Module \|Z\| vs. Frequency and Phase angle vs. Frequency) obtained for Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ over the immersion time (0, 1 and 7 days) in the culture medium with osteoblastic cells (DMEM at 10% of FBS + osteoblastic cells). A similar electrochemical behavior can be observed for the different alloys during their immersion in the cell culture, which indicates a steady state over time due to the passivity provided by the oxide layer, mostly TiO~2~ ([Figure 3](#materials-10-00445-f003){ref-type="fig"}). The capacitive response is due to an increase in imaginary impedance, [Figure 5](#materials-10-00445-f005){ref-type="fig"}, related to the high corrosion resistance of the materials. This increase is higher for Ti6Al4V~800~ and Ti6Al4V~1050~ ([Figure 5](#materials-10-00445-f005){ref-type="fig"}b,c), as compared to Ti6Al4V as received ([Figure 5](#materials-10-00445-f005){ref-type="fig"}a), mainly due to the increase in the oxide thickness (see [Table 1](#materials-10-00445-t001){ref-type="table"}).

Bode plots of Impedance Modulus vs. Frequency ([Figure 6](#materials-10-00445-f006){ref-type="fig"}a--c) reveal a plateau at high frequencies, associated with the resistance of the solution. The decrease in frequency gives rise to a slope between 0.887 and 0.936, which is attributed to a capacitive behavior; this is consistent with Phase angle vs. Frequency plots ([Figure 6](#materials-10-00445-f006){ref-type="fig"}d--f), due to the increase in the angle from 0° to closely −90°. This capacitive response is associated with the presence of TiO~2~; furthermore, for 1 and 7 days of immersion a slight increase in phase angle values is observed (see inset) likely due to the adsorption of proteins and cells on the surface of the materials \[[@B51-materials-10-00445],[@B52-materials-10-00445],[@B53-materials-10-00445],[@B54-materials-10-00445]\]. This latter may modify the relaxation of different time constants (possibly overlapped) in the interval from 10^−2^ to 10^3^ Hz for Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys; allowing the identification of at least two time constants. According to the literature \[[@B55-materials-10-00445]\], these constants are associated with the formation of the film made of oxides, mainly TiO~2~, as well as of the proteins adsorbed on the oxide; the extracellular matrix and cells adhered to this latter.

Taking into consideration that the cell interaction until their confluence on the metallic surface (quasi-total surface coverage by cells) occurs locally, the impedance responses might be simulated considering a partially-covered surface. Impedance plots were fitted considering equivalent circuits shown in [Figure 7](#materials-10-00445-f007){ref-type="fig"}. For the initial time given in [Figure 7](#materials-10-00445-f007){ref-type="fig"}a, we have considered a circuit, RC, composed of electrolyte resistance *R~e~*; a constant phase element *Q~f~*, which simulates a non-linear behavior of the capacitor due to the passive film formed by the oxide and adsorbed proteins; and the resistance associated with this film, *R~f~*. [Figure 7](#materials-10-00445-f007){ref-type="fig"}b exhibits the equivalent circuit used to simulate EIS plots for 1 and 7 days of immersion in osteoblast culture. In this case, the elements associated with the resistance and non-ideal capacitance of the extracellular matrix and osteoblasts, *R~extra~* and *Q~cell~* have been considered as well. It was carried out the fitting of the EIS diagrams and the results are given in [Table 2](#materials-10-00445-t002){ref-type="table"}.

This table shows that in the absence or in presence of cells, the heat treatment has no effect on the values of the solution resistance (\~56.7 Ω cm^2^) as a result of the immersion time. The *Q~f~* values at 0 days are at the same order of magnitude (10^−5^ F cm^−2^) typical of passive films that slightly decrease as the oxide thickness is enhanced. Also, this parameter decreases by one order of magnitude (10^−6^ F cm^−2^) for Ti6Al4V, and by two (10^−7^ F cm^−2^) for the heat-treated samples immersed for 1 and 7 days; these results could be due to variations in the hydration of the TiO~2~, thickness and/or protein adsorption. This chemical adsorption modifies the non-ideal capacitance of the titanium oxide becoming more resistive through the immersion. In relation to the *R~f~* parameter, values of 10^7^ Ω cm^2^ are reached for the three samples at different immersion times, with these results being similar to those reported in the literature \[[@B56-materials-10-00445]\].

Addition of cells to the culture modifies the interface of the Ti alloys tested in this biological medium; thereby the non-ideal capacitance (*Q*~cell~) and resistance of the extracellular matrix (*R*~extra~) excreted by the cells on TiO~2~/adsorbed proteins can be analyzed. It is important to note that the *Q*~cell~ values are in the same order of magnitude (10^−5^ F cm^−2^) as those reported for the TiO~2~ (0 days). These findings can be explained by considering a weak adhesion and/or minor coverage of the osteoblast cells on the Ti6Al4V alloys (see below). Thus, it can be assumed that there is a poor interaction between the extracellular matrix excretion (mainly type I collagen) and the TiO~2~; likely due to its adsorption (via oxygen) through oxygen vacancies, as has been reported in the literature \[[@B16-materials-10-00445],[@B26-materials-10-00445],[@B31-materials-10-00445],[@B53-materials-10-00445]\]. Regarding the *R*~extra~ values, a slight increase is seen at 1 day for Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys, followed by its decrease after 7 days of immersion. This resistive contribution is related to the coverage of cells adhered to these surfaces, i.e., a greater cell adhesion would lead to an increase in this resistive term. Under this assumption, an enhanced coverage of the extracellular matrix and a higher proliferation of cells would be expected for Ti6Al4V as received, and to a minor extent for Ti6Al4V~800~ and Ti6Al4V~1050~ alloys (see below).

### 2.4.3. Morphological Observation {#sec2dot4dot3-materials-10-00445}

[Figure 8](#materials-10-00445-f008){ref-type="fig"} shows SEM images of the Ti surfaces after 7 days of immersion in the osteoblast culture medium. The three surfaces are partially covered by cells, which in the case of the Ti6Al4V as received and Ti6Al4V~800~ alloys are polygonal, elongated and fully spread ([Figure 8](#materials-10-00445-f008){ref-type="fig"}a,c); whereas the Ti6Al4V~1050~ alloy ([Figure 8](#materials-10-00445-f008){ref-type="fig"}e) presents round, non-spread cells, accumulated in some areas of the surface. This morphology could be due to the difficulties of cell adsorption on the oxide, which depends on the microstructure (lamellar microstructure) and distribution of alloyed elements (Al and V) after the heat treatment. The oxide film in the three alloys is partially covered by cells and extracellular matrix ([Figure 8](#materials-10-00445-f008){ref-type="fig"}g--i) and there is an increase in osteoblast anchoring and proliferation in the following order: Ti6Al4V~1050~, Ti6Al4V~800~ and Ti6Al4V as received; consistent with the EIS analysis.

The element composition at the surface level (concentration in weight, %w) of different alloys was detected by EDX analysis after 7 days of immersion in the cell culture medium. In the analysis performed on cell-free areas of the three tested surfaces ([Figure 8](#materials-10-00445-f008){ref-type="fig"}b,d,f), signals of Ti and O associated with the formation of TiO~2~ were detected; even though the O quantification was not evident for Ti6Al4V as received, because of the predominant Ti signal and low oxide thickness. Other metallic oxides (Al and V) may also form there, however their contribution in the oxide is minor because most of these signals come from the metallic substrate consistent with the XPS analysis. In the cell-covered areas, however, signals of C and O were identified, whose proportions were quite similar in Ti6Al4V as received and Ti6Al4V~800~ alloys; whereas in Ti6Al4V~1050~, the signal of C was larger than the signal of O. As the presence of these elements is related to cell adhesion, this process can be deemed to occur in a similar manner for Ti6Al4V as received and Ti6Al4V~800~; while for Ti6Al4V~1050~, the adhesion seems to take place differently, perhaps due to the synthesis of other carbon compounds from extracellular matrix and/or their orientation on the metallic surface \[[@B57-materials-10-00445],[@B58-materials-10-00445]\]. To explain the reduced O signal, it can be suggested the O^−2^ adsorption from the chemical compounds could be retarded by the hydroxide or water species on the TiO~2~ surface being larger hydrated for Ti6Al4V~1050~. Besides, this adsorption process is affected by the formation of a less defective oxide on this alloy (less oxygen vacancies); conversely, for Ti6Al4V as received and Ti6Al4V~800~, the formation of other sub-oxides (TiO and Ti~2~O~3~) takes place to a major extent. Another difference between these alloys results from the presence of N, which is evident for Ti6Al4V~1050~, followed by Ti6Al4V~800~ and Ti6Al4V as received, and results from the presence of proteins, mainly type I collagen, but also from the presence of phosphorylated glycoproteins, osteocalcin and matrix Gla proteins. According to these results, it seems that the presence of organic compounds may vary during the process of cell adhesion due to the differences in the microstructure of the materials.

On the other hand, Ca (\<0.33%w) and P (0.28%w) elements were detected on the surface of Ti6Al4V~800~ alloy, whereas on the Ti6Al4V~1050~ surface only Ca (0.11%w) was identified. Ca and P precipitation on these surfaces suggests that they are precursors of bone mineralization in in vivo assays and therefore, they play an important role in their interaction with metallic surfaces and consequent cell adhesion \[[@B58-materials-10-00445],[@B59-materials-10-00445],[@B60-materials-10-00445],[@B61-materials-10-00445],[@B62-materials-10-00445],[@B63-materials-10-00445]\]. P and Ca were not detected on Ti6Al4V, likely due to a lower oxide hydration after 7 days of immersion, according to XPS results, see [Figure 3](#materials-10-00445-f003){ref-type="fig"}. This assumption is consistent with studies on the biocompatibility and osteointegration of these materials, where oxide hydration had been reported to favor calcium phosphate precipitation \[[@B56-materials-10-00445],[@B57-materials-10-00445],[@B59-materials-10-00445],[@B64-materials-10-00445]\].

The differences obtained during cell adhesion on Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ ([Figure 8](#materials-10-00445-f008){ref-type="fig"}b,d,f) may be explained by suggesting that they are due to the interaction of proteins and/or cells with the oxide at surface level. The protein adsorption is the first stage prior to cell adhesion, whereas the quality of adhesion has an influence on the morphology, capacity for proliferation and cell differentiation \[[@B37-materials-10-00445],[@B58-materials-10-00445],[@B60-materials-10-00445],[@B65-materials-10-00445]\]. So, taking into consideration the dominant phase in titanium alloys and morphology of cell adhesion, the adsorption process is considered to take place predominantly in domains where there is an α-phase (hcp); likely due to the presence of Al, which is widely known to be easily hydrated \[[@B47-materials-10-00445],[@B54-materials-10-00445],[@B66-materials-10-00445],[@B67-materials-10-00445],[@B68-materials-10-00445],[@B69-materials-10-00445]\], enhancing the cell adhesion. Thus, depending on the microstructure, the proteins can orient on the oxide surface \[[@B42-materials-10-00445],[@B58-materials-10-00445]\] and the morphology of the cell adhesion is different; e.g., the grains observed in [Figure 1](#materials-10-00445-f001){ref-type="fig"} for the Ti6Al4V as received and Ti6Al4V~800~ alloys encompass the same polygonal morphology of the cells. Conversely, for the Ti6Al4V~1050~ alloy, an enlarged cell adhesion is observed related to its lamellar features.

The proportion of sub-oxides that make up the passive oxide film after the sterilization process is an important point to highlight for the three tested alloys, because they are related to a less passive behavior of the Ti6Al4V as received. Conversely, a major passivation is obtained, e.g., for the Ti6Al4V~800~ and Ti6Al4V~1050~ alloys. Another important factor to consider is related to film hydration, which is enlarged for Ti6Al4V~1050~ ([Figure 3](#materials-10-00445-f003){ref-type="fig"}g) compared to the other two alloys; this may be due to a reordering of alloy elements (Al and V) in the lamellar array obtained after heat treatment at 1050 °C \[[@B21-materials-10-00445]\]. The above facts may be related to Al enrichment in the α-phase \[[@B37-materials-10-00445],[@B45-materials-10-00445],[@B50-materials-10-00445]\] and to Ca adhesion to the surface of Ti6Al4V~1050~ alloy \[[@B40-materials-10-00445],[@B57-materials-10-00445],[@B62-materials-10-00445],[@B63-materials-10-00445]\]. Furthermore, the presence of V in the oxide had been reported to inhibit the formation of calcium phosphate \[[@B69-materials-10-00445]\].

[Figure 8](#materials-10-00445-f008){ref-type="fig"}g--i show that osteoblast adhesion and proliferation depend on the microstructure and the nature of the passive oxide on the substrate. These results indicate that cell adhesion takes place despite microstructural differences \[[@B70-materials-10-00445],[@B71-materials-10-00445]\], depending on both their capacity for extra- and intracellular matrix excretion, and microstructural differences between Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys.

3. Materials and Methods {#sec3-materials-10-00445}
========================

3.1. Heat Treatments {#sec3dot1-materials-10-00445}
--------------------

Annealed Ti6Al4V alloy bars (Goodfellow Materials Ldt, Huntingdon, UK), 12.7 mm in diameter and 20 mm in length, were encapsulated in quartz under argon atmosphere to prevent their oxidation upon subjection to temperatures below (800 °C) and above (1050 °C) the β-phase transformation temperature (980 ± 20 °C) \[[@B33-materials-10-00445]\] for six hours, and later air-cooled (approximately 35 °C min^−1^). Afterwards, the heat-treated bars were cut to obtain 2 mm-thick discs.

3.2. Microstructure Revealing {#sec3dot2-materials-10-00445}
-----------------------------

The samples were prepared for microstructural observation following a standard metallographic technique: smoothing with 400-, 600-, 1200- and 1500-grit SiC paper sheet, polishing with 0.3 μm alumina to a mirror finish and chemical etch with Kroll's reagent (HF + HNO~3~ and distilled water in 1:3:96 proportions) \[[@B34-materials-10-00445]\]. The microstructure was characterized using a Nikon EPIPHOT 300 optical microscope coupled to a Nikon FDX-35 camera (Nikon Instruments Europe B.V., Amsterdam, The Netherlands).

3.3. Electrochemical Cell {#sec3dot3-materials-10-00445}
-------------------------

A glass electrochemical cell was specially designed for cell culture and consisted of a base, two Teflon plates, and a Ti6Al4V working electrode in between (with and without heat treatment). The electrochemical cell was screwed in the upper Teflon piece and adjusted with a silicone o-ring \[[@B64-materials-10-00445]\] and maintained at 37 °C in a water bath. A calomel-saturated electrode was utilized as a reference electrode, and a platinum wire as a counter electrode (Goodfellow Cambridge Ltd, Huntingdon, UK). Luer fittings were employed to control CO~2~ entry and exit (5%). The electrochemical cell and polished Ti6Al4V alloy discs, as received and heat-treated, and counter electrode, were sterilized in an autoclave for 30 min at 120 °C and 1.2 kg cm^−2^. The reference electrode was sterilized using UV-light for 10 min.

3.4. Cell Culture Medium {#sec3dot4-materials-10-00445}
------------------------

The cell culture medium (DMEM −10% FBS) was prepared as follows: 90 mL of DMEM (Dulbecco's Modified Medium, Gibco® by life Technologies ™ Invitrogen GmbH, Darmstadt, Germany) were added 1 mL of L-Glutamine 200mM Gibco®, 1 mL of Penicillin-Streptomycin Gibco®, 1 mL of Sodium Pyruvate Gibco® and 10 mL of FSB (Fetal Bovine Serum, Sigma-Aldrich®, St. Louis, MO, USA).

3.5. *In Vitro* Assays {#sec3dot5-materials-10-00445}
----------------------

Saos-2 pre-osteoblast human osteosarcoma cells (from the cell bank of the Center for Biological Researches, CSIC, Madrid, Spain) were used for in vitro assays. After 24 h of immersion in culture medium, 10,000 cells were seeded on disks of Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys, in order to cover the exposed metallic surface (A = 38.2 mm^2^). The assays lasted 7 days without and with electrical perturbation, at least in triplicate. In the first case, cells were only deposited and after the immersion, they were fixed for analysis using a Scanning Electron Microscope with microanalysis (SEM/EDX); whereas in the second case, open circuit potential (OCP) and Electrochemical Impedance Spectroscopy (EIS) measurements were made over time and the samples were later prepared and observed by SEM/EDX (not shown). It is worth mentioning that electrochemical measurements made at initial time (0 hours) were performed in the absence of cells, whereas the cell culture medium was renovated every 48 h to ensure an adequate contribution of nutrients to the cells and remove waste products from them. EIS characterization was carried out by applying a sinusoidal signal of 5 mV amplitude within frequency interval from 10^5^ Hz to 10^−2^ Hz with 10 points per decade, using a Gamry 600 Potentiostat-Galvanostat coupled to a PC (Gamry Instruments Inc, Warminster, PA, USA) for data acquisition and control.

3.6. Cell Fixation {#sec3dot6-materials-10-00445}
------------------

To carry out morphological studies, cells seeded on metal discs immersed in 24-well plates for 7 days were fixed on the metal surface by adding 1 mL of 2% glutaraldehyde; which were kept at 4 °C for 24 h. Cells were then dehydrated by immersion in a series of ethanol solutions ranging from 35% to 100%. To dry the surface-adhered cells, a Trimethylsilane solution (TMS Sigma-Aldrich®) at 50% (0.5 mL of TMS in 0.5 mL of 100% ethanol) was added for 10 min. This solution was removed and 1 mL of TMS at 100% was added for another 10 min. Lastly, TMS was removed and left to air-dry during 30 min.

3.7. Surface Characterization {#sec3dot7-materials-10-00445}
-----------------------------

Surface analyses were carried out using the following devices: a Bruker AXS D8 Focus X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation, fitted with an iron fluorescence filter, in the range 20°--90°, at a rate of 8° min^−1^ with a 0.02 passage. X-ray Mg/Al anode (CLAM 2) operating at 300W and at low pressures (\< 10^−8^ Torr), whereas peaks were fitted with Gaussian-Lorentzian curves after subtracting the Sherly-type background using Leibol software (Homemade v. 2.0, CENIM, Madrid, Spain) and XPS (Fison Instruments, East Grinstead, UK). Hitachi S4800 Scanning Electron Microscope (Hitachi High-Technologies Corporation, Tokyo, Japan), operating at 15 kV and coupled to an EDX was used for the morphological observation.

4. Conclusions {#sec4-materials-10-00445}
==============

This work has studied the properties of the oxide film formed on the surface of Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys, immersed in osteoblast culture, using XRD, XPS and EIS techniques. The results show that depending on the temperature of heat treatment, the Ti6Al4V alloy can have two microstructures: globular and lamellar. The XRD analysis of these alloys allowed the identification of the α-phase as predominant in both microstructures. The XPS analysis determined that the passive oxide is mostly composed of TiO~2~, without discarding the presence of other sub-oxides (TiO, Ti~2~O~3~ and Al~2~O~3~). An important issue to emphasize is the decrease in sub-oxides, barely perceived in the case of Ti6Al4V~1050~. An increase in film thickness was seen in relation to the Ti6Al4V as received alloy, being double that of the heat-treated samples, which may be associated with the change in microstructure. The EIS technique allowed the observation of a stable passive behavior of the three materials immersed in cell culture for 7 days at 37 °C. As far as cell adhesion and proliferation are concerned, it was seen that cells are more dispersed on the surfaces of Ti6Al4V as received and Ti6Al4V~800~, whereas on Ti6Al4V~1050~ cells accumulated on the intermediate part of the surface. The above may be related to the nature of the substrate and the growth of passive oxide on it. The EDX analysis revealed Ca precipitated on Ti6Al4V~800~ and Ti6Al4V~1050~, however, the largest amount (0.3%w) was observed on the surface of Ti6Al4V~1050~ and in regions with the accumulation of cells. This is associated with hydration and the presence of Al in the outermost layer of the passive film. The microstructural changes in the Ti6Al4V alloy due to the heat treatments have an effect on the growth of the passive oxide, which leads to the variation of its chemical composition in relation to the presence of other sub-oxides, such as TiO, Ti~2~O~3~ and Al~2~O~3~. The above is directly related to cell adhesion and morphology as well as to cell proliferation. The presence of Ca and P on Ti6Al4V~800~ and TiAl4V~1050~ could indicate an important effect of the heat treatment on its biocompatibility. Therefore, these heat-treated surfaces could provide the Ti6Al4V alloy with an improvement in its performance as a biomaterial to use for the manufacture of orthopedic implants.
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![Micrographs of the following alloys: (**a**) Ti6Al4V as received; (**b**) Ti6Al4V~800~ treated at 800 °C; (**c**) Ti6Al4V~1050~ treated at 1050 °C.](materials-10-00445-g001){#materials-10-00445-f001}

![X-ray diffraction patterns (XRD) for Ti6Al4V alloys.](materials-10-00445-g002){#materials-10-00445-f002}

![XPS spectra of Ti, O and Al measured at a surface for Ti6Al4V as received (**a**,**b**), Ti6Al4V~800~ (**c**--**e**) and (**f**--**h**) Ti6Al4V~1050~.](materials-10-00445-g003){#materials-10-00445-f003}

![Corrosion potential (*Ecorr*) measurements of Ti6Al4V as received and heat-treated alloys over immersion time in the culture medium with osteoblasts cells.](materials-10-00445-g004){#materials-10-00445-f004}

![Nyquist plots (Zimag vs. Zreal) of the (**a**) Ti6Al4V as received; (**b**) Ti6Al4V~800~ and (**c**) Ti6Al4V~1050~ with the time in the culture medium with osteoblasts cells.](materials-10-00445-g005){#materials-10-00445-f005}

![Bode plots (Modulus vs. Frequency and \|Z\| Phase angle vs. Frequency) recorded for Ti6Al4V as received (**a**,**d**), Ti6Al4V~800~ (**b**,**e**) and Ti6Al4V~1050~ (**c**,**f**) through the immersion time in the culture medium with osteoblasts cells.](materials-10-00445-g006){#materials-10-00445-f006}

![Equivalent circuits proposed for the fit of all impedance plots obtained for Ti6Al4V as received, Ti6Al4V~800~ and Ti6Al4V~1050~ alloys (**a**) without cells and (**b**) with osteoblastic cells.](materials-10-00445-g007){#materials-10-00445-f007}

![Overview of osteoblasts adhered and EDX analysis to Ti6Al4V as received (**a**,**b**,**g**), Ti6Al4V~800~ (**c**,**d**,**h**) and Ti6Al4V~1050~ (**e**,**f,i**) after 7 days of immersion in DMEM at 10% of FBS.](materials-10-00445-g008){#materials-10-00445-f008}

materials-10-00445-t001_Table 1

###### 

Oxide film thickness calculated using Strohmeier equation.

  Sample                dTiO~2~ (nm)
  --------------------- --------------
  Ti6Al4V as received   2.1
  Ti6Al4V~800~          4.8
  Ti6Al4V~1050~         5.0

materials-10-00445-t002_Table 2

###### 

Parameter values obtained after the fitting of the EIS diagrams using the Boukamp program.

  Sample                Time Days   Re (Ω cm^2^)   R~extra~ (Ω cm^2^)   Q~cell~ (Siemens s^n^) (cm^−2^)   *n*            R~f~ (Ω cm^2^)   Q~f~ (Siemens s^n^) (cm^−2^)   *n*            χ^2^
  --------------------- ----------- -------------- -------------------- --------------------------------- -------------- ---------------- ------------------------------ -------------- --------------
  Ti6Al4V as received   0           57.74          \-\--                \-\--                             \-\--          1.91 × 10^7^     3.19 × 10^−5^                  0.862          9.9 × 10^−3^
  1                     46.13       381.2          2.82 × 10^−5^        0.887                             1.78 × 10^7^   6.14 × 10^−6^    0.940                          2.4 × 10^−3^   
  7                     50.78       146.7          2.69 × 10^−5^        0.900                             1.76 × 10^7^   6.77 × 10^−6^    0.958                          2.3 × 10^−3^   
  Ti6Al4V~800~          0           61.11          \-\--                \-\--                             \-\--          1.75 × 10^7^     2.25 × 10^−5^                  0.882          5.6 × 10^−3^
  1                     62.66       292.9          2.19 × 10^−5^        0.896                             1.79 × 10^7^   2.06 × 10^−7^    0.907                          2.4 × 10^−3^   
  7                     58.29       105            2.14 × 10^−5^        0.909                             1.89 × 10^7^   2.83 × 10^−7^    0.919                          2.2 × 10^−3^   
  Ti6Al4V~1050~         0           51.20          \-\--                \-\--                             \-\--          2.10 × 10^7^     2.20 × 10^−5^                  0.913          6.6 × 10^−3^
  1                     53.31       166.3          2.05 × 10^−5^        0.927                             1.99 × 10^7^   2.89 × 10^−7^    0.939                          2.7 × 10^−3^   
  7                     57.82       109.6          1.82 × 10^−5^        0.936                             2.19 × 10^7^   2.81 × 10^−7^    0.957                          1.9 × 10^−3^   
